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Introduction
Reduced activation ferritic martensitic (RAFM) steels are being developed for structural applications in future fusion power plants [1] [2] [3] [4] [5] [6] . In recent years it has been proposed to use bare RAFM steels as plasma-facing materials (PFMs) in remote regions of the first wall [6] [7] [8] [9] [10] . When used as first-wall material in fusion devices, PFMs will be subjected to intense thermal loading and huge fluxes of incident particles [1, 6] . To judge if bare RAFM steels can be used as PFMs in the main chamber of DEMO, the interactions of RAFM steels with intensive fluxes of energetic particles and thermal loads need to be investigated.
Many investigations on RAFM steels are focusing on irradiation defects, stability under high temperatures, and changes of mechanical properties [6, 11, 12] . Quite some plasma-wall-interaction (PWI) studies have been performed on EUROFER and F82H, two typical RAFM steel grades.
Ashikawa et al. [7] have studied the effects of surface modifications on deuterium retention in F82H and EUROFER exposed to different fluences ranging from 1×10 23 [8] , Sugiyama et al. [9] , and Alimov et al. [10] . Since the sputtering yields of mid-Z elements are significantly higher and sputtering thresholds are lower than those of W [7] [8] [9] [10] , there is preferential sputtering of Fe or Cr of RAFM steels after D plasma exposure. Thus W enrichment in the near surface region has been widely reported as a typical feature and this W enrichment will further affect the erosion behaviour of RAFM steels. All the above reports found also that the total deuterium retention in RAFM steels was lower than in bare W bulk samples exposed to comparable incident D fluences and ion energies. Moreover, in the ASDEX Upgrade (AUG) [13] and JFT-2M [14] tokamak experiments, researchers have reported the compatibility of RAFM steels with fusion devices, and the experimental campaign did not suffer any particular problem related to the ferromagnetic tiles.
Recently, CLF-1 steel [6] has been developed by SWIP as potential PFM for the Chinese ITER test blanket module. The basic properties of this RAFM steel have also been investigated by quite some groups [15] [16] [17] . However, the performance of CLF-1 steel as PFM in terms of erosion and fuel retention has not been studied yet. Related works should be done to allow a confident assessment of the extent to which RAFM steel can be used as PFM in some regions of a fusion device. Therefore, we performed a dedicated set of experiments on the RAFM steels. In this manuscript, using laboratory plasma and ion-beam devices, the fuel retention and erosion were investigated for CLF-1 RAFM steel samples after exposure to energetic deuterium species.
Experimental details

Sample preparation
All CLF-1 steel samples used in this study were cut from one batch of bulk material to the dimension of 10 mm×12 mm×1 mm. Thereafter, the samples were polished with increasingly fine-grained SiC grinding papers and diamond suspension on the nap cloth to mirror-like finish. Then, to remove water soluble pollutants produced during the mechanical polishing process, samples were polished with deionized water on the nap cloth. Finally the CLF-1 steel samples were cleaned in an ultrasonic bath with acetone for 20 minutes at room temperature. Prior to deuterium implantation the CLF-1 steel samples were stress-relieved and degassed by heating at 873 K in a quartz tube vacuum oven. Prior to annealing treatment, the system was pumped down to a base pressure of less than 1×10 -5 Pa. Each sample was heated to an annealing temperature of 873 K with a heating rate of 10 K/min and kept for 1 hour at the maximum temperature. The temperature of the sample was calibrated in an independent experiment by a thermocouple fixed to a sample with identical size.
Sample characterization
The surface and cross-sectional microstructures of CLF-1 steel samples were investigated by field He + with a current of 5 nA was used for measuring the RBS spectra.
Deuterium exposure
The deuterium exposure was performed in the linear experimental plasma system (LEPS) at Lanzhou Institute of Chemical Physics. A basic description of LEPS is given in short: microwave (2.45 GHz)
power is introduced into the vacuum chamber through a waveguide terminated by an alumina window.
An external magnetic field establishes the electron-cyclotron-resonance condition in the plasma region. During implantation the microwave power is set to 500 W with a constant D 2 gas pressure prior to plasma ignition of 0. 
Thermal desorption spectroscopy
Thermal desorption spectroscopy (TDS) was used to determine the deuterium release from CLF-1 steel samples after D plasma exposure. In all TDS measurements reported here the maximum temperature was set to 1173 K with an oven heating rate of 10 K/min and the holding time at the maximum temperature was 10 min. To calibrate the temperature response of the samples to the linear oven temperature ramp, an independent experiment was carried out with a CLF-1 steel sample directly attached to a K-type thermocouple during heating. Mass channels between 2 and 44 amu were measured by a quadrupole mass spectrometer (Pfeiffer QME220) as functions of time using multiple ion detection mode (MID). The released fluxes of molecules HD (mass 3) and D 2 (mass 4) were recorded to quantitatively analyze the deuterium retention in CLF-1 steel samples during the temperature ramp [19] .
The mass 4 signal was calibrated using a calibrated D 2 leak, and the mass 3 signal (HD) was calibrated using the average value of the signals of two calibrated H 2 and D 2 leaks. The calibration procedure was repeated regularly for D 2 and H 2 using a calibrated leak (VIC Leak Detection). The total deuterium retention is calculated from the integration of D 2 and HD signals from the start of the heating ramp up to the time when the maximum temperature is reached. A background is measured with a sample performing the same heating ramp, but with an empty sample. All TDS data are shown after background subtraction.
Results and discussion
Surface morphology
The fluence and energy dependences of the measured surface roughness for CLF-1 steel samples are displayed in figure 1(a) . The results show that the surface roughness increased monotonically with increasing incident ion energy and fluence, and no roughness saturation was observed for fluence up to 
Sputtering yields
Sputtering yields of CLF-1 steel samples obtained from mass loss measurements are shown in figure   4 . The total sputtered amounts of CLF-1 steel exposed to D plasma generally increased with increasing impinging energy, which agrees well with the energy dependence of the sputtering of Fe by D [9] .
However; the sputtering yields decreased as the incident deuterium fluence increased and saturation was observed for fluences higher than 4×10 24 D/m 2 . This decrease is similarly to that observed by Sugiyama et al. [1] after exposing Fe-W binary mixed layer with a low W concentrations of 0.5 and 0.7 at.%. The W concentration in the here investigated CLF-1 steel is about 1.5 % [20] . The decrease in sputtering yield with increasing exposure fluence is assumed to be due to W enrichment, which will be further confirmed by the following TEM and RBS results. In comparison, the sputtering yields of most CLF-1 steel samples are lower than the corresponding theoretical value of pure iron. The total sputtering yield of CLF-1 steel after 7.2×10 24 D/m 2 deuterium plasma exposure is reduced by a factor of 4 compared with that of pure iron, which can be again explained as above that preferential sputtering changes the surface composition, leads to the enrichment of tungsten and thus to a reduction of the sputtering yield. As mentioned above, the surface morphology development and the sputtering yield evolution of CLF-1 steel during exposure to D plasma depend strongly on the surface concentration, i.e., W enrichment, therefore we will focus on the characterization of the surface in the following. [9] are also shown (dashed lines). figure (b) , between the crystalline bulk and the Pt-C protection layer, there is a thin grey region with an approximate thickness of about 20 nm which is marked with an arrow.
Tungsten enrichment
Comparing the RBS spectra of samples before and after exposure to D plasma with 180 eV/D, one can find that the W concentration on the surface increases after exposure to D plasma as shown in figure 6 , which agrees to the observation shown in figure 5 . The fluence dependence also shows that the W enrichment at the surface increases with increasing incident deuterium fluence. It also proves the surface enrichment of W after D exposure. But the enhancement of the W surface peak is not as strong as that reported for F82H steel exposed to comparable incident fluence [7] . This difference can, on the one hand, be explained by the different measurement geometry (in [7] an angle of incidence of 75° to the surface normal was used which increases the surface sensitivity of the method and enhanced the W surface peak) or, on the other hand, by the different initial W concentrations in the used steels (1.5 and 2.0 wt% W in CLF-1 and F82H bulk, respectively). Interestingly, only the sample with the lowest ion energy/lowest exposure temperature shows a dominant release peak at low temperature while all others only give rise to the broad plateau-like release peak extending up to ~900 K. We assume that the large differences in the measured D release spectra are dominantly cause by the difference in exposure temperatures and not by the differences in impinging energies. . These values are comparable to those reported by Ashikawa et al. both for F82H and EUROFER [7] for exposure at 450 K. We can, therefore, state that D retention in CLF-1 is comparable to that in F82H and EUROFER. 
Deuterium retention
Summary
In this study, we investigated the influence of the incident deuterium fluence and impinging energy on Deuterium release was measured by TDS. Due to the experimental constraint that the exposure temperature and the impinging deuteron energy are correlated, an unambiguous interpretation of the TDS results is not possible. Nevertheless, we assume that the much lower D retention after high energy, high-temperature exposure compared with the low-energy, low-temperature exposure is predominantly due to the higher temperature of the former. The data measured for the high energy, high-temperature exposures are in reasonable agreement with comparable exposures for F82H and EUROFER and lead us to the conclusion that D retention in these 3 different RAFM steels is comparable.
